Objective: To assess the distribution of autonomic nervous system (ANS) dysfunction in overweight and obese children.
Introduction
Obesity has reached global epidemic proportions [1] with prevalence remaining high, despite some evidence of stabilisation [2] . Childhood obesity is associated with a number of metabolic, cardiovascular and other disturbances, which include lipid abnormalities, altered glucose metabolism and type 2 diabetes, pulmonary disorders including obstructive sleep apnoea and reactive airway disease, a pro-inflammatory state and coagulation abnormalities [3] . Because dysfunction of the autonomic nervous system (ANS) may contribute to development or stabilization of obesity and is associated with cardiovascular mortality [4] , the study of ANS function in obesity is of considerable clinical interest. Most previous studies of ANS function in obese children have been limited to investigations of cardiac autonomic function through analysis of heart rate variability. These studies have generally revealed a decrease in parasympathetic activity. It remains unclear, however, whether abnormalities of ANS can be found in the sympathetic nervous system, and outside of the cardiac autonomic nerve function in overweight and obese children and adolescents.
Methods to assess autonomic nervous system function outside the cardiac system include sympathetic skin response (SSR) and quantitative pupillography. SSR is a simple, reproducible method to measure the polysynaptic reflex loop which comprises diverse afferents, a common efferent pathway through the spinal cord, pre-and postganglionic sympathetic fibres, and perspiratory glands as effectors. Hence, SSR may be affected by pathology of both the peripheral and central sudomotor nervous systems [5, 6] .
In obese adults, SSR is not altered [7] . However, SSR has, to the best of our knowledge, not been assessed previously in overweight or obese children.
Autonomic innervation of the pupil is controlled by both the sympathetic and the parasympathetic nervous systems [8] . Pupillary reaction may be quantified via direct pupillography by measuring the pupil diameter in the dark (PDD) and following exposure to a light stimulus. Pupil size and re-dilation velocities (early and late) are thought to reflect sympathetic pupillary modulation while light reflex amplitude, latency and constriction velocity are controlled by parasympathetic activity [8] . PDD and amplitude, latency of pupillary response and velocity of pupillary constriction and of re-dilation following light stimulation are impaired in diabetic patients and may represent the earliest manifestations of peripheral autonomic neuropathy [9] [10] [11] . In diabetic adolescents, pupillary dilation and the PDD are significantly decreased compared to healthy peers, and the degree of the impairment correlates with the duration of the disease [12, 13] . However, if and how pupillary function is influenced by obesity has not previously been studied.
The aim of this cross-sectional study was to investigate whether abnormally increased body weight in children and adolescents, as indexed by the standard deviation score of body mass index (BMI-SDS [14, 15] , is associated with abnormalities of sympathetic and parasympathetic ANS function. Because impaired glucose tolerance and type 2 diabetes mellitus as well as some medication used to treat co-morbidity are well known to impair ANS function [16, 17] these potential confounders were carefully excluded.
Subjects and Methods

Subjects
Normal weight or overweight/obese children or adolescents were eligible for the study conditional upon normal glucose metabolism as tested in an oral glucose tolerance test (overweight/ obese participants).
Inclusion criteria were as follows: age 7-18 years, body mass index (BMI) between 10 th and 90 th percentile (normal weight) or 90 th -97 th percentile (overweight) or .97 th percentile (obese), respectively, according to German reference values [14] . Overweight and obese individuals are from here on referred to as the ''obese'' group.
Exclusion criteria were: neuromuscular disorder, systemic neoplasia or impaired glucose tolerance (serum glucose levels .7.8 mmol/l, measured 120 min after an oral glucose tolerance test (OGTT)) [18] . In addition, candidates with monogenetic causes of obesity were also excluded. To date, more than 50 genetically based syndromes are associated with obesity, which are in most cases accompanied by more or less typical clinical features. Frequent disorders of syndromal obesity include Prader-(Labhart)-Willi syndrome, Bardet-Biedl syndrome, Alström syndrome, Cohen syndrome, Carpenter syndrome, fragile X syndrome, and others [19] .
Recruitment was performed via the obesity outpatient clinic of the Children's Hospital, University of Leipzig (for adipose candidates) and via local newsletter postings (for normal weight children) between 2010 and 2011.
Written informed consent was obtained by all participants and their caregivers/parents of our study. The study protocol was approved by the Ethics Committee of the Faculty of Medicine of the University of Leipzig.
Detailed baseline characteristics of both study groups are given in Table 1 .
Procedures and Measurements
1. Clinical and anthropometric data. A detailed medical history was obtained, and a physical examination was performed in all participants to exclude any concomitant disease. For anthropometric measurements, all children were assessed barefoot and only wearing light underwear. Body height was measured by the digital stadiometer ''Dr. Keller III'' (Günter GmbH, Tauscha, Germany; precision 62 mm). Body weight was determined by a digital scale (SECA H -scale, Vogel & Halke GmbH, Hamburg, Germany; precision 6100 g). Body mass index (BMI) was calculated by the formula: weight in kilograms divided by the square of height in meters. BMI data were standardized to age and sex of the children applying German reference data [14] and were calculated as BMI-SDS according to the LMS method [15] . The BMI-SDS provides a normalized measurement for the degree of overweight or obesity. By applying the LMS method, it is assumed that BMI data of each age group are normally distributed [15] . A cut off $1.28 SDS (90 th centile) classifies overweight and a cut off $1.88 SDS (97 th centile) classifies obesity in children [14] . Pubertal stage was assessed according to Tanner stages [20] .
In obese children, fasting plasma glucose, fasting insulin, transaminases (ALAT, ASAT, GGT), uric acid, triglycerides, cholesterol, HDL-cholesterol and LDL-cholesterol levels were measured by a certified laboratory. An oral glucose tolerance test (OGTT) was performed to exclude impaired glucose metabolism. For the OGTT, blood samples were collected at 0, 30, 60, 90, and 120 minutes after a glucose load of 1.75 g/kg body weight (maximum of 75 g glucose). Impaired glucose tolerance was defined as a glucose level .7.8 mmol/l 120 minutes after the glucose load [18] . To determine insulin sensitivity, the homeostasis model assessment for insulin resistance (HOMA-IR) was applied. HOMA-IR was calculated using the equation HOMA-IR = fasting insulin (mU/mL) x fasting glucose (mmol/l)/22.5 [21] . Blood pressure was obtained by the arithmetic mean of three single measurements by a certified device in the supine position after a rest period.
2. Autonomic nervous function. For the characterisation of autonomic nervous function (sympathetic/parasympathetic activity), 3 different methods were applied. Measurements were performed in the afternoon between 1 and 3 pm, following a rest period of 15 minutes: 2.1. Heart rate variability (HRV): To screen for cardiac autonomic function, HRV was measured in the resting position and following deep breathing via the computer-based system ProScicard (Medset Medizintechnik GmbH, Hamburg, Germany). Measurements were performed over a five minute period, and the time-domain and frequency-domain indices of HRV were analysed: root mean square of successive differences (RMSSD), power spectral analysis in the low frequency spectrum ln(LF); (0.05-0.15 Hz) and in the high frequency spectrum ln(HF); (0.15-0.5 Hz) and the low frequency/high frequency ratio (ln(LF/HF) ratio) were calculated. Measurements under deep breathing were performed over a period of 110 heart beats and a stable respiratory frequency of 6 cycles per minute. The ratio of the longest RR interval during expiration to the shortest interval during inspiration (E/I ratio) was calculated.
Sympathetic skin response (SSR):
For the assessment of sympathetic skin response, all children were investigated in a dark and silent room, in a supine position, with their eyes closed. Following a short rectangular electric stimulus (10 mA, 0.1 ms duration) over the glabella, sympathetic skin response was recorded with surface electrodes (palmar and plantar) with a dedicated device (Keypoint, Natus Europe GmbH, München, Germany). The mean latency of 2 responses, one from each side of the body, was calculated in order to screen for sympathic ANS dysfunction [6] .
2.3. Quantitative pupillography: Using a pupillograph (AMTech Pupilknowlogy GmbH, Weinheim, Germany), pupil diameter in darkness (PDD) was assessed. Pupillary light reflex was measured over a period of 2 seconds (intensity of light stimulus: 10 4 cd/m 2 , duration of stimulus 200 ms) and several parameters were obtained: relative light reflex amplitude, latency, constriction velocity, early re-dilation velocity (RDV). The mean value of 2 stable measurements of the left eye were used for further analyses [8] .
Statistics
The association between each of the dependent and independent variables was tested in a two stage process. In the first stage, the potential dependence of each variable on BMI-SDS, age, gender and pubertal stage was assessed in a linear model using Akaike's information criterion [22] . Based on the assumption that height is likely to affect skin latency times, this variable was also included for those parameters. The model was simplified by dropping terms successively if their information contribution was negative, indicating that the association is at best very weak. In the second stage, the remaining terms in the final model were placed in decreasing order of information content and the lack-of-fit sum of squares of this nested-model structure was analysed with an Ftest, a process equivalent to performing a likelihood ratio test. The significance level was placed at 5%, though a conservative Bonferroni-Holm adjustment [23] is also discussed for each of the complexes 'heart rate variability', 'sympathetic skin response' and 'pupillography'. When a significant dependence on BMI-SDS was found, the multivariate analysis was augmented by including a two sample t-test between the obese and normal weight subjects with Welch approximation. Furthermore, Spearman's rank correlation test was used to test whether or not those variables depend on HOMA-IR values. All analyses were performed using R version 2.11 [24] .
Results
A total of 154 children (mean age 12.0 years) were included in the study. Out of 95 obese children, 5 had to be excluded due to impaired glucose metabolism, which is in line with previously published prevalence rates of impaired glucose tolerance among children and adolescents with marked obesity [25] . Thus, data of 90 obese children (45 boys) and data of 59 normal weight children (34 boys) could be applied for further analyses (149 in total). Within the obese study group, 7 candidates (6.3%) presented with (slightly) elevated blood pressure measurements according to the recommendations of the American Heart Association [26] , 17 candidates (15.3%) had elevated serum ASAT serum levels, 18 candidates (16.2%) had one pathological lipid measures (mainly decreased HDL-cholesterol), 5 candidates (4.5%) had 2 pathological lipid measures (mainly decreased HDL-cholesterol and elevated total cholesterol), none of the obese candidates had more than 3 pathological lipid findings, and 6 obese candidates presented with hyperuricaemia (5.4%). Some variables of interest had to be omitted from analyses due to the following reasons: light reflex amplitude: 1 value missing out of 154 (problems with measurement), early re-dilation velocity: 5 values missing out of 154 (problems with measurements), E/I ratio: 1 value missing out of 154 (problems with measurement), sympathetic skin response: 26 values missing out of 154 (measurement could not be performed on 6 normal-weight and 21 overweight/obese children due to missing informed consent of parents).
We did not find a significant association between any of the measured parameters and pubertal stage. The terms eliminated by the first stage of the analysis process will not be referred to explicitly below.
In order to see the concrete model of how the independent variables vary with the dependent ones, we have included the estimates for the coefficients in the linear model (Table 2) .
Heart Rate Variability E/I ratio was negatively associated with BMI-SDS (p = 0.003) (Fig. 1) . The dependence on age, used in the second stage of the analysis, was not significant (p = 0.1).
A two-sample t-test indicated that the mean E/I value was 0.18 lower for the obese group than for the normal weight peers (95% CI [0.05, 0.31]p = 0.008). Frequency domain measures for the logarithm of the low frequency power (ln(LF)) failed to yield a significant dependence on BMI-SDS, though age was found to be significantly associated (p = 0.03). Frequency domain measures for the logarithm of the high frequency power (ln(HF)), however, showed a significant relation to BMI-SDS, age, and gender All three variables explained a significant portion of the variance (p-values: 0.03 for BMI-SDS, ,0.001 for age, 0.04 for gender). A twosample t-test indicated that the mean for ln(HF) was 0.3 ln(bpm 2 ) lower for obese than for the normal weight group (95% CI [0.06, 0.6] ln(bpm 2 ), p = 0.02; Table 1 ). These results suggest decreased parasympathetic activity (Fig. 2) . The logarithm of ln(LF/HF) showed a fairly weak, but significant positive dependence on BMI-SDS (p = 0.05). A two sample t-test showed a trend towards a difference between the obese and the normal weight group (p = 0.08; Table 1 ). The root mean square of successive differences (RMSSD) was only tested for its dependence on BMI-SDS, which was not found to be significant (p = 0.1) (Table S1) . Table 2 . Coefficients for the significant covariates resulting from the linear models. 
Sympathetic Skin Response
For analyses of sympathetic skin response, the parameters height and gender were retained in the second stage model for the upper and lower limbs and, furthermore, BMI-SDS was retained for the lower limbs. For the lower limbs, the linear model indicated a very strong positive dependence on height, as expected (p = 10
25
), a significant dependence on gender (p = 0.01) and suggested some evidence for dependence on BMI-SDS (p = 0.09). As for the upper limbs, only gender was found to be significant (p = 0.04). There was not a significant dependence on height (p = 0.2). Group comparisons between the obese and normal weight participants are presented in Table S1 .
Quantitative Pupillography
There was a significant negative association between pupil diameter in the dark (PDD) and BMI-SDS (p = 0.01) (Fig. 3) . Moreover, the terms gender (p = 0.06) and the interaction term BMI-SDS*gender (p = 0.03), i.e. that the dependence on BMI-SDS for boys is markedly different than that for girls, are borderline significant and significant, respectively. Comparing the obese with the normal weight group using a t-test showed that PDD was lower for the former by 0.25 mm (95% CI [0.04, 0.46]mm, p = 0.02). As for early re-dilation velocity, correlation to BMI-SDS (Pearson's correlation coefficient = 20.15, 95% CI = [20.30, 0 .02]) suggests in trend a negative association (p = 0.08). Performing a t-test for BMI-SDS suggested that the obese group had a 0.13 mm/s slower re-dilation velocity than the normal weight peers (95% CI [20.01,0.27]mm/s p = 0.07). In addition, the linear model took into account age, gender and BMI-SDS and demonstrated a significant contribution for the interaction term age6gender (p = 0.01), i.e. that the dependence on age for boys was markedly different from that for girls (Fig. 4) .
Both, PDD and early re-dilation velocity suggest decreased sympathetic activity with increasing BMI-SDS. For pupil latency, the two-step analysis taking into account BMI-SDS, age, gender, and pubertal stage did not yield any significant dependencies (p = 0.07 for both pubertal stage and gender). For relative amplitude and constriction velocity, none of the measured parameters passed the first stage of the analysis. This lack of dependence is corroborated by Ftests in models taking any of them into account.
Additional results from comparing the obese with the normal weight group using a t-test are presented in Table S1 . 
Dependence on HOMA-IR
Bonferroni-Holm Adjustment
After a conservative Bonferroni-Holm adjustment, the E/I ratio and PDD still depended significantly on BMI-SDS (adjusted p = 0.01 and 0.05, respectively) whereas ln(HF), and ln(LF/HF) did not (adjusted p = 0.1 for both measures). 
Discussion
The present study represents -to the best of our knowledgethe largest data set to date examining the influence of obesity on ANS function in the paediatric population. The findings reveal extensive abnormalities in obese children and adolescents. The distinct pattern of abnormalities provides a hint as to the pathogenesis of dysfunctional ANS in overweight and obesity.
Strengths and Weaknesses in Relation to Other Studies
Obesity is known to be associated with disturbed ANS function in adults. Previous studies of heart rate variability assessments provided evidence for similar dysfunction in obese children [27] [28] [29] [30] [31] [32] [33] . In line with these previous observations [27] [28] [29] [30] [31] [32] [33] [34] . we found diminished values for ln(HF) and E/I ratio with increasing BMI-SDS, suggesting decreased parasympathetic activity with increasing body weight. Although we did not assess physical activity in our subjects, decreased parasympathetic activity may indirectly rather than directly be related to obesity. A study in obese children matched for weight, but differing in the amount of physical activity demonstrated decreased parasympathetic activity in the physically inactive obese children relative to their physically active peers [35] .
We found no significant interdependence between ln(LF) and BMI-SDS. Thus, analysis of heart rate variability did not provide evidence for decreased sympathetic activity in obese children. However, a weak positive dependence on BMI-SDS in ln(LF/HF) ratio was found. This finding is in line with several previous reports [28, 31, 36] , but differs from others [30, 32, 37] in which ln(LF) increased with increasing BMI. One factor possibly explaining this discrepancy may be that abnormality of sympathetic cardiovascular autonomic function is related to the duration of obesity: A previous study examining heart rate variability revealed that parameters reflecting sympathetic activation were significantly increased in individuals with obesity of recent onset, but not in those with intermediate or long-standing obesity [38] . Although we did not record the duration of the obesity in our cohort, we consider it likely that most children have been obese for several years.
In addition to heart rate variability, ANS function testing in our study included sympathetic skin response and direct pupillography. These different methods also allow for assessment of both parasympathetic and sympathetic nervous function. SSR, PDD as well as re-dilation velocity are known to reflect sympathetic nervous system activity, whereas latency of pupillary constriction, constriction amplitude and velocity are markers of parasympathetic nervous system function [39] . Parameters of SSR for the lower and upper limbs provided little evidence for a relation to BMI-SDS, however without reaching statistical significance. This finding is in line with assessments in adults of sympathetic skin response revealing no differences between obese and normal weight subjects [7] and underlines that SSR is a rather insensitive test of ANS function.
Analyses of quantitative pupillography provided significantly negative associations between PDD and BMI-SDS and in trend a negative correlation between early re-dilation velocity and BMI-SDS, both suggesting decreased sympathetic activity with increasing body weight. Thus, pupillographic findings (especially that of PDD) provide strong and independent evidence for dysfunctional sympathetic activity function in obese children. Abnormalities may result from pathology at the level of the central processing pathway or the efferent sympathetic branches of the pupillary light reflex [8] . Pupillographic evidence of dysfunctional sympathetic activity function in obese children is noteworthy, because analysis of heart rate variability (see above) did not point to decreased sympathetic activity. Unlike direct pupillography [40] , variables derived from HRV analysis [41] [42] [43] seem to be influenced by physical activity and exercise. Therefore, one might argue that normal sympathetic activity in HRV analyses could have been the result of physical training in our patient cohort. We consider this hypothesis unlikely because (i) obese patients were not enrolled in physical exercise programs at the time of the study and (ii) physical training would also have normalized cardiac parasympathetic nerve function, which was, however, abnormal. Therefore, pupillography seems to reveal abnormalities of sympathetic activity more readily than HRV analysis. In contrast to pupillographic evidence of sympathetic autonomic dysfunction, parameters reflecting parasympathetic activity in direct pupillography were not associated with BMI-SDS. In male adults, parasympathetic activity as assessed by direct pupillography decreased with increasing body fat content [44] . However, since the subjects in that study were of normal weight, the significance of normal parasympathetic activity in obese children remains unclear.
Meaning of the Study
Our results suggest decreased parasympathetic and decreased sympathetic activity in obese children and adolescents that is not limited to one organ system. HVR and quantitative pupillography emerge as valuable methods to assess parasympathetic and sympathetic autonomic dysfunction in obese children and adolescents, whereas sympathetic skin response seems to lack sufficient sensitivity to detect ANS abnormalities.
If there is evidence of both parasympathetic and sympathetic nervous system dysfunction in obesity, then why did HRV analysis provide evidence only for parasympathetic autonomic dysfunction, and direct pupillography only for sympathetic autonomic dysfunction? Perhaps this conspicuous pattern of differential sensitivities can be understood best, when considering the differential anatomical pattern of autonomic innervations of both end-organs. The heart is innervated by long postganglionic parasympathetic fibres, but short postganglionic cardiac sympa- . The average age of these boys was 11.1 and only one of them was older than 13. This helps explain the strong interaction between age and gender, i.e. that the age dependence for boys is significantly different than that for girls. The regression line showing the downward trend for increasing BMI-SDS is also shown (solid line). doi:10.1371/journal.pone.0054546.g004 thetic fibres, whereas the pupil is innervated by long postganglionic sympathetic fibres but only short parasympathetic fibres. The pattern of abnormalities could be explained by assuming a lengthdependent pathology, suggesting that the peripheral autonomic nerve function may be vulnerable in obesity. A peripheral, lengthdependent autonomic neuropathy has previously been described in diabetic autonomic neuropathy [11, 44, 45] . Although by design all individuals were normoglycemic in the present study, the possibility must be considered that the pathogenesis of obesityassociated dysfunction of the peripheral ANS overlaps with that of diabetic autonomic neuropathy. Two previous studies found cardioautonomic parasympathetic dysfunction to be associated with insulin-resistance in obese children [46, 47] . In our study, HOMA-IR provided some evidence for insulin resistance in the adipose normoglycemic participants. However and importantly, none of the parameters that depended significantly on BMI-SDS was found to be significantly correlated with HOMA-IR. Therefore, dysfunctional peripheral ANS may develop via independent pathogenic pathways, a possibility deserving of further study.
Strengths and Weaknesses of the Study
To the best of our knowledge, this work represents the first detailed comprehensive assessment of autonomic nervous system function in a large cohort of normal weight and obese, otherwise healthy, children. In particular the fact that only individuals with normal glucose metabolism were studied helped to rule out a major confounding factor. We did not assess duration of obesity and level of physical activity. As both factors might influence autonomic nervous function in adults or children with obesity [35, 38] this omission represents a limitation of the study.
Unanswered Questions and Future Research
As data on autonomic nervous function is very limited to date, it remains unclear whether the autonomic dysfunction described herein represents a functional disturbance or the beginning of a neuropathy. The exact pathogenesis needs to be further elucidated. In addition, there are no data available to date, neither in adults nor in children, whether an obesity-induced neuropathy exists. It also remains unclear, whether the observed autonomic dysfunction in pediatric obesity might be reversible by weight loss or lifestyle intervention. Future studies should investigate the influence of physical activity or the duration of obesity on autonomic nervous system dysfunction in childhood obesity.
Main Conclusions
Decreased parasympathetic and sympathetic activity is associated with increasing BMI-SDS in childhood and adolescence. This dysfunction may already involve several organ systems. The pattern of abnormalities suggests a length-dependent peripheral autonomic nervous system dysfunction. Obesity related autonomic nervous system dysfunction follows the same pattern as diabetic autonomic neuropathy. In addition to heart rate variability, quantitative pupillography may be useful in assessing the function of the ANS in children and adolescents. 
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